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INTRODUCTION 

The u t i l i z a t i o n  of s o l i d  organic waste has rece ived  cons iderable  

a t t e n t i o n  as a r e s u l t  of pub l i c  concern over a d e t e r i o r a t i n g  environ- 

ment and an apparent  dep le t ion  of  our n a t u r a l  resources .  Up t o  70% 

or 280 m i l l i o n  tons of t h e  400 m i l l i o n  tons  of municipal and indus- 

t r i a l  waste c rea t ed  annual ly  can be c l a s s i f i e d  a s  organic  (1, 2). 

This f i g u r e  has  been predic ted  t o  a t  l e a s t  double by 1980 (3) .  How- ' 

ever, these  f igu res  a r e  small i n  comparison t o  the  314 b i l l i o n  tons of 

moisture  f r e e  organic  animal waste produced annual ly  ( 4 ) .  The problems 

and expense a s soc ia t ed  wi th  t h e  d i s p o s a l  of these  wastes  have led inves- 

t i g a t o r s  t o  s e e k  new and unique so lu t ions .  

Among the  o ldes t  and c u r r e n t l y  most used d i s p o s a l  methods a r e  l a n d -  

1 f i l l  and inc ine ra t ion .  Inherent  problems a s soc ia t ed  wi th  these  two 

methods have been descr ibed  (5, 6). Methods have been devised and work 

is cont inuing  on t h e  u t i l i z a t i o n  of t he  hea t  c r e a t e d  by inc ine ra t ion .  

Other more innovat ive  u t i l i z a t i o n  processes  have been proposed, some of 

which a r e  c u r r e n t l y  under inves t iga t ion .  The Bureau of Mines has been 

i n v e s t i g a t i n g  two d i f f e r e n t  conversion processes- - the  py ro lys i s  method 

and t h e  hydrogenation process  (7,8). The former method produces gas,  

o i l  and s o l i d s  while  t he  l a t t e r ,  which appears  t o  have a g r e a t e r  com- 
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mercial promise, produces essentially oil. 

are thought to have general applicability, they have largely employed 

bovine manure as a feed material. Two other processes, which are some- 

what limited in scope, are Firestone's destructive distillation process 

( 9 )  for converting shredded tires into various useful chemicals and Cities 

Service--Goodyear process (10) for the production of carbon black from old 

Although these two processes 

tires. In this communication the results of a bench-scale feasibility 

study on the conversion of solid organic waste into a high Btu fuel gas 

are presented. These results are discussed in reference to the process 

variables and the experimental equipment employed in the investigation. 

EXPERINENTAL 

Reactor Design.--The gasification of the organic waste was carried 

out in a one inch, batch charge, bench-scale reactor. The schematic is 

shown in Figure 1 which has been previously described in detail (11). 

The reactor has been designed so that temperature, pressure and steam 

input can be controlled over a considerable range. 

Feed Materials.--Several types of organic wastes were used as 

reactor feed materials. These include paper, tire rubber, Denver 

Municipal Sewage Sludge, animal waste and simulated garbage composed 02 

4.5% paper, 13.4% polyethylene, 39.5% organic waste, 24.7% tire rubber 

and 17.9% wood. The chemical analyses of these materials are given in 

Table I. 

Catalysts.--Three different commercially available nickel catalysts 

were employed. Physical and chemical properties of these catalysts are 
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l i s t e d  i n  Table 11. 

were employed a s  g a s i f i c a t i o n  c a t a l y s t s ,  

I n  a d d i t i o n  both potassium and sodium carbonates  

Analyses.--Except a s  noted below, t h e  ma jo r i ty  of t he  chemical 

analyses  were c a r r i e d  ou t  by s tandard l abora to ry  methods. 

analyses  were performed on a Leco s u l f u r  ana lyze r  and complimented 

by s tandard ASTM methods. 

c a l i b r a t e d  w e t  t e s t  meter. Product gas  compositions were determined 

with a Beckman Model GC-5 duel column--duel thermal conduc t iv i ty  detec-  

t o r  chromatograph equipped with a n  Auto Lab System I V  d i g i t a l  i n t e g r a t o r .  

C a l i b r a t i o n  values  were obtained by use  of a Linde primary s tandard gas 

mixture.  

Su l fu r  

Product gas  volumes w e r e  recorded with a 

Methodo1opy.--Experiments w e r e  carried out  by charging t h e  r e a c t o r  

s e c t i o n  with a n i c k e l  c a t a l y s t  and feed material. The feed m a t e r i a l  

was mixed with an a l k a l i  carbonate  c a t a l y s t .  Both s t r a t i f i c a t i o n  

( i n t e g r a t e d )  and sepa ra t ion  (segregated)  of t he  n i c k e l  c a t a l y s t  and feed 

m a t e r i a l  were employed. The r e a c t o r  was then a d j u s t e d  t o  the  des i r ed  

ope ra t ing  cond i t ions  and the product gas was sampled f o r  i t s  composition 

every h a l f  hour. The compositions r epor t ed  i n  Table 111 a r e  the 

average compositions.  ! 
RESULTS AND DISCUSSION '. 

I /  It i s  apparent  from t h e  complex composition of t he  feed m a t e r i a l s  
1 
I' 

I t h a t  

Although these  r e a c t i o n s  may n o t  be known from a mechanis t ic  po in t  of 

view, experimental  observat ions a l low one t o  formulate a func t ipna l  

d e s c r i p t i o n  of  t he  o v e r a l l  r e a c t i o n s  which i n c i d e n t a l l y  a r e  c o n s i s t e n t  

with those observed i n  t h e  product ion of s y n t h e t i c  n a t u r a l  gas from c o a l .  

t h e  r e s u l t i n g  g a s i f i c a t i o n  r e a c t i o n s  a r e  bo th  v a r i e d  and complex. 
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C + H O  = C O + H 2  
(g) 

H2 + CO = 1/2CH, + 1/2C02 
= 1/2CH4 + 1/2CO, C + H20 

(g) 

1/2C + 1/2H,O 
1/2C + 
3/2H2 + 1/2CO = 1/2Cb + 1/2H,O,_, 

= 1/2CO + 1/2€i2 
( 9) 

H,O(g) = H, + 1/2C4 

C + H20 = 1/2CO, + 1/2CH, 
(g) 

I- should be noted that the end result in each of these reac ion schemes 

is the same, 

Employing these chemical equations in conjunction with the carbon 

irregardless of the nature of the intermediate steps. 

content of the various organic wastes permits one to calculate a 

theoretical yield of gas product. 

Table 111 contains a surmnary of some selected experimental gasi- 

fication results for the various feed materials and catalysts employed. 

General observations obtained with the single stage experimental unit 

indicate that the initial reactions occurring during an experimental 

run are devolatilization and cracking, particularly in those instances 

where the volatile material content is high. This is followed by the 

carbon-steam reaction according to equation la which is initiated by 

the addition of steam. Alkali metal carbonates have been found to 

catalyze this reaction. Catalytic methanation of the intermediate 

reactants from the carbon-steam reaction with a nickel catalyst is 

then effected, apparently by reactions lb and 2c. 
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The purpose of the  a d d i t i o n  of a l k a l i  carbonate  t o  t h e  feed 

material i s  t o  c a t a l y t i c a l l y  promote the  carbon-steam reac t ion .  

e f f e c t s  r a t e s  t h a t  would otherwise be p r o h i b i t i v e l y  slow a t  these  lower 

temperatures (650 - 750°C) i n  t h e  absence of the  c a t a l y s t .  Potassium 

carbonate,  sodium carbonate  and sodium sesquicarbonate  have been 

employed with no apparent  chemical preference  under experimental  con- 

d i t i o n s .  

carbonate  i s  the  cheaper material. Although optimum a l k a l i  metal 

carbonate/carbon weight r a t i o s  have n o t  been w e l l  def ined ,  values 

between 12-25% have been found t o  g ive  s a t i s f a c t o r y  r e s u l t s .  These 

observat ions concerning the  a l k a l i  carbonate  c a t a l y s t s  are analogous 

t o  those found f o r  t h e  product ion of water gas from coal-steam r e a c t i o n s  

(12, 13).  

This 

However, from an economic poin'i of view t h e  sodium sesqui- 

The conversion of the  in te rmedia te  r e a c t a n t s  produced i n  the  carbon- 

steam r e a c t i o n  a r e  c a t a l y t i c a l l y  convertcd t o  methane, carbon d ioxide  

and water by a methanation c a t a l y s t .  

which have s i g n i f i c a n t l y  d i f f e r e n t  chemical compositions and phys ica l  

p rope r t i e s ,  no apparent  d i f f e r e n c e  i n  t h e i r  methanat ing a b i l i t y  under 

experimental condi t ions  were observed. However, t h e  c a t a l y s t ' s  a b i l i t y  

t o  produce s i g n i f i c a n t  q u a n t i t i e s  of methane from t h e  i n i t i a l l y  produced 

gaseous r e a c t a n t s  depends upon main ta in ing  t h e  n i c k e l  c a t a l y s t  i n  a 

h igh ly  reduced state and p ro tec t ed  from t h e  air. This i s  achieved by 

reducing i n  s i t u  and employing i n e r t  atmosphere techniques.  

t he  steam fed t o  the  r e a c t o r  must be j u d i c i a l l y  c o n t r o l l e d  i n  order  t o  

preserve  t h e  methanat ion c a t a l y s t ' s  a c t i v i t y ,  y e t  p rovide  enough steam 

t o  maintain a reasonable  carbon-steam r e a c t i o n  r a t e .  Excessive amounts 

Of t h e  t h r e e  c a t a l y s t s  employed, 

I n  a d d i t i o n ,  
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of steam w i l l  cause t h e  gas  composition t o  s h i f t  from low H,, high CO, 

and CH, t o  high H,, CO, and moderate amounts of CO. 

appa ren t ly  due t o  r e a c t i o n  2b a s  a r e s u l t  of t h e  inc rease  i n  the . 
p a r t i a l  p re s su re  of steam and poss ib l e  c a t a l y s t  oxidat ion.  This 

C O - s h i f t  is  accompanied by a d r a s t i c  redliction i n  the  volume heat ing 

va lue  of t h e  product gas.  

This s h i f t  is 

The o v e r a l l  g a s i f i c a t i o n  process  was found t o  be independent of 

p re s su re  under experimental  cond i t ions .  Thus, even though p res su res  

of  261 psia were employed the r e s u l t s  were e s s e n t i a l l y  the  same a s  

obtained a t  32 p s i a .  This obse rva t ion  is c o n s i s t e n t  with t h e o r e t i c a l  

p r e d i c t i o n s  based upon equa t ion  IC f o r  an i n t e g r a t e d  r e a c t o r .  

The temperature of t h e  g a s i f i c a t i o n  process  is a compromise between 

t h a t  necessary f o r  t h e  carbon-steam r e a c t i o n  and t h a t  f o r  optimum 

methanation. This compromise is necessary when working with a one-stage 

p rocess  as  opposed t o  a two-stage process;. I n  t h e  l a t t e r  i n s t ance  the 

temperature of each s t a g e  (carbon-steam and methanation r eac t ions )  can 

be a d j u s t e d  f o r  op t imiza t ion .  Depending upon concen t r a t ions  of t h e  

gaseous r e t c t a n t s ,  t h e  optimum temperature l i es  i n  the  590 - 675°C range 

f o r  a s ing le - s t age  p rocess  which is c o n s i s t e n t  with somn, thermodynamic 

c a l c u l a t i o n s  fo r  t h e  system (14). 'L 
I r r e s p e c t i v e  of t h e  o rgan ic  waste m a t e r i a l  employed, t he  g a s i f i c a -  

t i o n  r e s u l t s  were g e n e r a l l y  above 75% of t h e  t h e o r e t i c a l  methane value.  
I 

The q u a n t i t y  of gaseous 

when o t h e r  f a c t o r s  were 

111, rubber  t i res  which 

a 

product was p ropor t iona l  t o  t h e  carbon content  

he ld  cons t an t .  Hence, a s  demonstrated by Table 

c o n t a i n  about 85 w t  Yo carbon produced 23,000 SCF 

10 
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CH4/ton while  Denver met ropol i tan  sewage s ludge wi th  26 w t  % carbon 

y ie lded  only 6300 SCF CQ/ ton .  

s tandpoin t  t h a t  l i q u i d  hydrocarbons were a l s o  produced from its gas i -  

f i ca t ion .  This l i q u i d  hydrocarbon product ion is bel ieved  t o  be 

a t t r i b u t e d  t o  t h e  i r o n  conten t  (6  w t  %) i n  t h e  s ludge which is i n t r o -  

duced dur ing  municipal t reatment .  

as a Fisher-Tropsch c a t a l y s t .  

The sewage s ludge  was unusual from the 

I r o n  has  long been known t o  func t ion  

Table I V  conta ins  a t abu la t ion  of volume con t r ac t ion  of t h e  

organic  waste upon g a s i f i c a t i o n .  These va lues  a r e  based on apparent  

bulk d e n s i t i e s  f o r  each of t h e  feed materials. Also included wi th in  

the  t ab le  i s  a comparison between t h e  t h e o r e t i c a l  p o t e n t i a l  energy 

va lue  of t h e  feed ma te r i a l  t h a t  would be r e a l i z e d  through combustion 

and t h a t  ob ta ined  through its conversion t o  a s y n t h e t i c  n a t u r a l  gas .  

The p o t e n t i a l  energy value of t he  s y n t h e t i c  n a t u r a l  gas i s  observed 

t o  be cons iderably  less than t h a t  f o r  combustion. This is l a r g e l y  a . 

consequence of the  chemical r eac t ions  involved i n  the  two d i f f e r e n t  

processes .  Furthermore, i t  must be r e a l i z e d  t h a t  t he  e f f i c i e n c y  of  

t he  conversion o f  t h e  h e a t  energy, c r e a t e d  by i n c i n e r a t i o n ,  i n t o  a 

usable  and t r anspor t ab le  energy form w i l l  decrease  the  d i f f e rence  

between t h e  two. Fernandes and Cohan (15) have computed the  energy 

a v a i l a b l e  from the  inc ine ra t ion  of  mixed r e fuse  conta in ing  27% carbon 

and 4.5% hydrogen t o  be 3150 Btu/lb. 

CONCLUSIONS 

Exploratory experiments have shown t h a t  organic  waste ma te r i a l s  

can be converted t o  gaseous f u e l  products  composed e s s e n t i a l l y  of CH,, 

CO, and H, with a C0,-free hea t ing  va lue  i n  excess  of 900 Btu/SCF. 

Furthermore, t h e  o v e r a l l  conversion has  been shown t o  be pressure  

11 
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independent over the range of 32-261 ps ia  while the optimum temperature 

(650 - 750°C) f,or the described process i s  strongly dependent upon the 

composition of the primary gaseous reactants produced from the steam- 

carbon reaction which i s  catalyzed by the presence o f  a l k a l i  carbonates. 

13 
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HYDROGASIFICATION OF CATTLE MANURE TO PIPELINE GAS 
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Bureau of Mines, 4800 Forbes Avenue, P i t t sbu rgh ,  Pa. 15213 

INTRODUCTION 

Growing shor tages  of p ipe l ine  gas and t h e  inc reas ing  need t o  improve methods of 
w a s t e  d i sposa l  i n  o rde r  t o  minimize environmental problems prompted t h e  Bureau of Mines 
t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of convert ing s o l i d  w a s t e s  t o  p i p e l i n e  qua l i t y  gas  by 
d i r e c t  hydrogas i f ica t ion .  
t h a t  t h i s  means of  d i spos ing  of municipal s o l i d  was te  may, f o r  l a r g e r  mun ic ipa l i t i e s ,  
no t  only provide t h e  lowest  cos t  means of d i spos ing  of t h e  s o l i d  waste bu t  a l s o  provide 
a supplementary source  of  p i p e l i n e  gas a t  a p r i c e  lower than supplementary gas from 
o the r  sources .  

A f e a s i b i l i t y  s tudy  has  been published1’2 t h a t  i nd ica t e s  

Of a l l  t h e  forms of organic  s o l i d  waste ,  t h e  most abundant i s  animal manure which 
amounts t o  a t  least  200 MM tons /yr  of o rgan ic   solid^.^ 
manure is t h e  modern beef  c a t t l e  indus t ry  and i t  is i n  t h i s  indus t ry  t h a t  t h e  pol lu-  
t i o n  problems a r i s i n g  from manure d i sposa l  a r e  most extreme. This is because t h e  in-  
creasing s i z e  and concent ra t ion  of modem feed- lo ts  i t e n s i f y  manure d i sposa l  and pol lu-  
t i o n  problems which range from water po l lu t ion  a r i s i n g  from so lub le  n i t rogen  compounds 
i n  t h e  manure t o  seve re  odor problems. 
s i z e  and concent ra t ion  of t hese  feed- lo ts  which make c a t t l e  manure a p o t e n t i a l l y  a t t r a c t -  
i v e  feed s tock  f o r  p i p e l i n e  gas p l a n t s  because c o l l e c t i o n  is s impl i f i ed  and l a r g e r  
s c a l e  p l a n t s ,  which al low t h e  lowest  u n i t  c o s t  product ion of  p i p e l i n e  gas ,  can be b u i l t .  
I n  a d d i t i o n ,  t h e  areas wi th  g r e a t  concent ra t ion  of feed  l o t s  such  as West Texas 2re  
a l s o  a reas  where convenient gas t ransmiss ion  p ipe l ines  a l ready  e x i s t .  

A major con t r ibu to r  t o  t h i s  

But on t h e  o t h e r  hand, it is t h e  increas ing  

I n  t h i s  r e p o r t ,  experimental  d a t a  are presented  showing t h e  q u a l i t y  and y i e l d  of 
p ipe l ine  gas t h a t  can be generated by d i r e c t l y  r eac t ing  cow manure wi th  hydrogen a t  
g a s i f i c a t i o n  condi t ions .  

EXPERIMENTAL 
I 
Procedure 

Except f o r  one experiment conducted wi th  d r i e d  cow manure i n  a continuous f ree-  
f a l l  d i lute-phase r e a c t o r ,  t h e  experiments wi th  manure and s o l i d  wastes were conducted 
i n  a batch au toc lave .  The 
autoclave body is  f i t t e d  wi th  a pyrex g l a s s  l i n e r  i n t o  which t h e  au toc lave  charge is 
placed.  A thermocouple w e l l  covered by a pyrex g l a s s  tube  is i n s e r t e d  i n t o  t h e  l i n e r .  
The f r e e  volume of  t h e  assembled au toc lave  is 1.2 liters; t h e  l i n e r  has  a volume of 
0.7 l i t e r s .  

A drawing of t h e  assembled r e a c t o r  is shown i n  f i g u r e  1. 

The autoclave,  conta in ing  t h e  charge,  is assembled and weighed on a bu l l ion  ba lance .  
The autoclave is  then i n s t a l l e d  i n  t h e  e l e c t r i c  furnace.  The system is f i r s t  purged 
wi th  n i t rogen  to remove t h e  a i r  and then purged wi th  hydrogen t o  remove t h e  n i t rogen .  
Oxygen i n  t h e  hydrogen (usua l ly  0 .1  percent  o r  l e s s )  is removed by passage through a 
vesse l  containing pal ladium on an alumina c a r r i e r .  The oxygen is c a t a l y t i c a l l y  reduced 
t o  water  which i n  t u r n  is removed by passage through a v e s s e l  packed wi th  anhydrous 
calcium s u l f a t e  ( D r i e r i t e ) .  The au toc lave  is then  charged w i t h  hydrogen t o  t h e  des i r ed  
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i n i t i a l  p re s su re .  
t h e  s p e c i f i e d  r eac t ion  temperature, o r  by t h e  hydrogen/sol id  feed  r a t i o  des i red .  

Se lec t ion  of t h e  i n i t i a l  p re s su re  is  governed by t h e  pressure ,  a t  

Upon reaching  t h e  spec i f i ed  p re s su re  i n  t h e  au toc lave ,  t h e  valve on the auto- 
c lave  is closed and t h e  rest of t h e  system is purged with n i t rogen  t o  remove t h e  hy- 
drogen. The au toc lave  is disconnected from t h e  purged system. 

Rota t ion  of t h e  autoclave is s t a r t e d  a t  t h e  same t i m e  t h e  furnace  is energized.  
The hea t ing  rate is 8 O  C p e r  minute. 
temperature  'is l e v e l l e d  of f  a t  a s p e c i f i e d  va lue .  
he re ,  t h e  time a t  reac t ion  temperature  w a s  one hour. 
i n g  t h e  upper s e c t i o n  of t h e  furnace .  Rotat ion is continued u n t i l  t h e  au toc lave  has  
cooled t o  250' C o r  lower. 

React ion time is  t h a t  per iod  during which t h e  
For  a l l  t h e  experiments repor ted  

Cooling is  acce lera ted  by remov- 

The cool ing  rate is about 4" C per  minute down t o  250' C. 

When t h e  au toc lave  has cooled t o  room tempersture ,  it is depressurized a t  approxi- 
The gas i n  t h e  au toc lave  i s  f i r s t  passed through a Nesbi t t  absorp t ion  mately 3 s c f / h r .  

bulb conta in ing  Drierite t o  remove water .  The gas is then metered and seve ra l  samples 
taken t o  determine t h e  gas composition with a gas chromatograph. The absorp t ion  bulb 
conta in ing  D r i e r i t e  is weighed t o  determine t h e  y i e l d  of water  and t h e  char  remaining 
i n  t h e  au toc lave  is weighed and analyzed f o r  carbon and hydrogen so t h a t  an o v e r a l l  
ma te r i a l  balance a s  w e l l  a s  carbon and hydrogen balances can be  made. 

Resu l t s  With Cow Manure 

Operat ing r e s u l t s  obtained from t h e  d i r e c t  hydrogas i f ica t ion  of d r i ed  cow manure 
a r e  t abu la t ed  i n  t a b l e  1. Ult imate  ana lys i s  of t h e  manure used i n  these  experiments 
is  given i n  t a b l e  2.  

The purpose of these  experiments w a s  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of convert ing 
manure t o  p i p e l i n e  gas  and t o  determine t h e  ope ra t ing  condi t ions a t  which t h i s  conver- 
s i o n  could b e s t  b e  ca r r i ed  o u t .  These r e s u l t s  i n d i c a t e  t h a t  manure is an exce l l en t  
feed  s t o c k  f o r  p i p e l i n e  gas syn thes i s .  
gas  having a hea t ing  value i n  excess  o f  1,000 Btu/scf  w a s  produced a f t e r  simply scrub-  
b ing  ou t  t h e  C O P .  
wi thout  methanation. That t h i s  is poss ib l e  i s  due t o  t h e  h igh  concent ra t ions  of  e thane 
i n  t h e  product gases  from t h e  manure hydrogas i f i ca t ion .  The ethane is  present  i n  such 
h igh  concent ra t ions  because t h e  h igh  r e a c t i v i t y  of t h e  manure allows hydrogas i f ica t ion  
t o  t ake  p l ace  a t  low enough temperatures  f o r  t h e  ethane t o  surv ive  i n  t h e  presence of 
hydrogen. 
formed is  quick ly  converted t o  methane by t h e  r eac t ion  

For  example, i n  runs MH-1 and MH-2 a product 

Thus, i t  is p o s s i b l e  t o  produce a n  exce l l en t  p i p e l i n e  gas from manure @ 

A t  t h e  h igher  temperatures  necessary t o  hydrogasify coa l ,  most o f  t h e  e thane  

C2Hg + H2 + ZCHI+. 

One can v i s u a l i z e  a l t e r n a t e  process ing  opt ions  a v a i l a b l e  f o r  t h e  raw gases  from 
manure hydrogas i f ica t ion .  
well-known water-gas s h i f t  r eac t ion  (CO + H 2 0  Z Cop + H2) t o  g e t  t h e  CO l e v e l  down t o  
acceptab le  p ipe l ine  s tandards  and then scrub ou t  t h e  CO2. 
be  placed d i r e c t l y  i n  a p ipe l ine  wi thout  r equ i r ing  any methanation. 
would be t o  f i r s t  s epa ra t e  t h e  e thane ,  which could b e  s o l d  sepa ra t e ly  and/or  blended 
wi th  t h e  p i p e l i n e  gas. 
a mixture  of CO and Cog.  
amount of C02 removed during scrubbing.  
a d e t a i l e d  process  s tudy  which w i l l  be  publ ished when complete. 

One opt ion  would b e  simply t o  s h i f t  t h e  CO t o  C02 by t h e  

The r e s u l t i n g  gas could then 
Another a l t e r n a t i v e  

In t h i s  case, t h e  p i p e l i n e  gas  would b e  produced by methanating 

These opt ions  are now being inves t iga t ed  i n  
The concent ra t ion  of  C o p  would b e  ad jus ted  by varying t h e  

Ef fec t  of Process  Var iab les  

The primary independent v a r i a b l e s  s tud ied  i n  t h e  ba tch  au toc lave  were t h e  hydrogen/ 
W U U J ~ ~  f e d  r a t i o  and the  r e a c t o r  temperature .  S ince  t h e  r eac t ions  a r e  c a r r i e d  out  i n  
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TABLE 1.- Summary of au toc lave  r e s u l t s  f o r  t h e  d i r e c t  
h y d r o g a s i f i c a t i o n  of cow manure 

Reactor temp., C ......... 
I n i t i a l  p r e s s . ,  p s i g  ....... 
Operat.  p r e s s . ,  p s i g  ....... 
S o l i d  charge,  grams ........ 
Hydrogen charge,  g-moles .... 
Sol id  r e s idue ,  grams ....... 
Carbon i n  charge,  g-moles.. . 
Carbon g a s i f i e d ,  % ....... Gas produced, g-moles ....... 
Water recovered, g-mole .... 

MH-1 
550 
150 

1800 
80 

.562 

2.363 
.963 

.925 

38.8 

39.9 

MH-2 
550 
150 

1630 
80 

.562 
40.6 
2.363 

,967 

.872 
40.4 

MH- 3 
650 
150 

2200 
80 

.562 

2.363 
1.14 

37.0 

41.4 
.967 

MH-4 
550 
150 
750 

20 
.562 

.591 

.65 

.233 

9.3 

50.1 

MH-5 
4 75 
150 

1500 
80 

.562 

2.363 
.811 

1.083 

39.9 

27 .o 

G a s  Analyses ( D r y  and N2-Free*) 

H2 ........................ 13 .1  
co. ........................ .8 

CH4 ....................... 40.3 

C2H6 ...................... 11.7 

co2 ....................... 34.1 

H2S ....................... - 
C3H8 ...................... - 
T o t a l  ..................... 100.0 

11.3 14.4 60.2 30.2 

.7 1.7 4 . 1  .9 
33.5 29.3 10.6 38.7 

42.1 54.2 18.2 21.7 

12.4 .4 6.6 6.5 

. 3  . 2  

1 .8  

100.0 100.0 100.0 100 .o 

*Reported N2-free because t h e  v a r i a b l e  amounts (usua l ly  abou t l% 
of N2 were due t o  N2 from purging sample l i n e s .  
content  of t h e  waste is converted t o  NH3 which is d i s so lved  i n  
water. 

The n i t rogen  

TABLE 2.- U l t i m a t e  a n a l y s i s  of d r i e d  cow manure 

W E  B P  
Carbon ........ 3 r -  
Hydrogen ...... 4.2 
Nitrogen ...... 0.7 
S u l f u r  ........ 0.2 
Oxygen ........ 23.5 (by d i f f . )  
Ash ........... 36 .O 

T o t a l  ... 100.0 

Moisture ... 2.5 
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a batch r e a c t o r ,  s e t t i n g  t h e  feed r a t i o  and t h e  reac tor  temperature determines, among 
o t h e r  th ings ,  t h e  pressure  t h a t  t h e  r e a c t o r  reaches at  t h e  d e s i r e d  temperature. While 
only  a few batch experiments were made, they were s u f f i c i e n t  t o  e s t a b l i s h  f a i r l y  accu- 
r a t e l y  t h e  optimum temperature and roughly t h e  range 'of  hydrogen/manure feed  r a t i o s  
over which it  would b e  reasonable  t o  opera te  a p l a n t  convert ing manure t o  p i p e l i n e  gas. 

Temperature 

Experiments were conducted a t  temperatures of 475,550 and 650' C. The most drama- 
t i c  e f f e c t  of temperature w a s  on t h e  f r a c t i o n  of carbon g a s i f i e d  and on t h e  ethane 
y i e l d .  
g-moles Hp/gram manure. I n  a d d i t i o n ,  a s i n g l e  poin t  is a l s o  shown a t  a HZ/manure r a t i o  
of .028 g-moles/gram i n  f i g u r e  1. As f i g u r e  2 i n d i c a t e s ,  i n  t h e  batch r e a c t o r  operat-  
ing  temperatures above 550' C are de t r imenta l  because t h e  only e f f e c t  of t h e  increased 
temperature is t o  convert e thane t o  methane which consumes hydrogen and which lowers 
t h e  o v e r a l l  thermal e f f ic iency  of t h e  process .  A t  t h i s  p o i n t ,  i t  should be noted t h a t  
i n  a balanced p lan t  in which t h e  hydrogen is i n t e r n a l l y  produced a l l  t h e  carbon i n  t h e  
manure is  u t i l i z e d .  This requi res  t h a t  enough carbon should be l e f t  i n  t h e  char from 
t h e  hydrogas i f ica t ion  s t e p  t o  produce t h e  hydrogen. Prel iminary c a l c u l a t i o n s  i n d i c a t e  
t h a t  t h e  conversion of about 40 percent  of the  carbon fed t o  t h e  hydrogas i f ie r  w i l l  
l e a v e  s u f f i c i e n t  carbon t o  produce t h e  hydrogen required f o r  t h e  hydrogas i f ica t ion  s t e p .  

These t rends are shown i n  f i g u r e  2 at  a constant  HZ/manure feed r a t i o  of .007 

The water  y i e l d  was not  g r e a t l y  a f f e c t e d  by v a r i a t i o n s  i n  temperature over  t h e  
range s t u d i e d  and amounted t o  about 20 w t  p c t  of t h e  manure charged. 
as charged had a moisture content  of only 2.5 w t  p c t ,  most of t h e  water  w a s  formed by 
r e l e a s e  of bound water  o r  by r e a c t i o n  of oxygen i n  the manure wi th  hydrogen. 

Since t h e  manure 

Water was the  only l i q u i d  product  formed i n  t h e s e  tests. No tars o r  oils were 
formed i n  any of t h e  experiments. Thus, t h e  d isposa l  of o r  recyc le  of tars should 
not  b e  a problem i n  a . p l a n t  conver t ing  manure t o  p i p e l i n e  gas. 

HydrogedManure Feed Rat io  

Four of  t h e  f i v e  t e s t s  conducted with manure were made a t  a hydrogen/manure feed 
r a t i o  of .007 g-moles Hp/gram-manure wi th  a s i n g l e  test a t  an increased r a t i o  of .028 
g-moles/gram. As the  da ta  i n  t a b l e  1 and t h e  s i n g l e  point  on f i g u r e  2 i n d i c a t e ,  in-  
c reas ing  t h e  hydrogen/manure feed r a t i o  r e s u l t e d  i n  a s u b s t a n t i a l  i n c r e a s e  i n  carbon 
conversion and the y i e l d  of e thane wi th  a l e s s  s i g n i f i c a n t  increase  in methane y i e l d .  
However, a t  t h e  h igher  hydrogen/methane feed r a t i o ,  both carbon monoxide and dioxide 
would have t o  b e  methanated t o  produce p i p e l i n e  q u a l i t y  gas. I t  is worthwhile not ing  
t h a t  i n  s p i t e  of the  opera t ing  pressure  being considerably l e s s  i n  MH-4 than i n  t h e  
o t h e r  tests, because of t h e  g r e a t e r  void space i n  t h e  r e a c t o r  due t o  t h e  smaller s o l i d  
change, t h e  hydrogen p a r t i a l  p r e s s u r e  i n  t h i s  test w a s  s t i l l  s u b s t a n t i a l l y  higher  than 
i n  t h e  o t h e r  tests a t  550" C .  
p r e s s u r e  of about 2.5 times t h a t  i n  t h e  lower hydrogen/manure r a t io  t e s t s  a t  550" F, 
t h e  o v e r a l l  carbon conversion o r  methane production were not  increased anywhere near  
i n  proport ion t o  t h e  increase  i n  hydrogen p a r t i a l  p ressure .  

Hydrogasif icat ion of Manure i n  a Continuous Reactor . 

However, even with t h i s  increase  i n  hydrogen p a r t i a l  

Because of the promising r e s u l t s  hydrogasifying d r i e d  c a t t l e  manure i n  a batch 
r e a c t o r ,  a hydrogas i f ica t ion  test w a s  made i n  a f r e e - f a l l  di lute-phase (FDP) r e a c t o r  
used f o r  our coa l  hydrogas i f ica t ion  s t u d i e s .  
duc t ing  tests i n  i t  have been d e ~ c r i b e d . ~  

This FDP r e a c t o r  and t h e  method of con- 
To maximize t h e  inf.ormation from the FDP 
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r e a c t o r  run,  t h e  w a l l  temperature was changed over t h e  course of t h e  experiment and 
t h e  response of t h e  gas composition t o  t h e  d i f f e r e n t  r e a c t o r  w a l l  temperatures measured. 
Data from these  experiments a r e  summarized i n  f i g u r e  3. As f i g u r e  3 i n d i c a t e s  i n  t h e  
continuous FDP r e a c t o r ,  t h e  methane y i e l d  increased  g r e a t l y  wi th  increas ing  r e a c t o r  w a l l  
temperature over t h e  range of  r e a c t o r  w a l l  temperatures s tud ied .  
i l l u s t r a t e d  i n  f i g u r e  2 ,  t h e  ethane y i e l d  i n  t h e  FDP r e a c t o r  went through a maximum 
because, as  previously mentioned, with increas ing  r e a c t o r  w a l l  temperature, t h e  r a t i o  
of the  ( r a t e  of  e thane disappearance by hydrogenation t o  methane) t o  t h e  (ethane forma- 
t i o n  r a t e )  increases .  
temperature above 550' C were due to t h e  hydrogenation of e thane  r a t h e r  than t h e  hydro- 
genation of t h e  manure. However, i n  t h e  continuous tests almost a l l  of t h e  methane was 
generated from the  manure over t h e  e n t i r e  range of r e a c t o r  w a l l  temperatures. 

As in t h e  ba tch  t e s t s  

I n  t h e  batch tests increased methane y i e l d s  with increas ing  

It is d i f f i c u l t  t o  make comparisons between t h e  r e s u l t s  i n  t h e  FDP r e a c t o r  and 
those i n  t h e  batch r e a c t o r  because t h e  s o l i d  res idence  time i n  t h e  FDP r e a c t o r  i s ,  a t  
most, a couple of seconds compared t o  t h e  hour res idence time a t  temperature i n  t h e  
batch r e a c t o r  tests. 
hea t  up very rap id ly  as they pass through t h e  r e a c t o r  and, because t h e  t i m e  a t  any one 
temperature is very s h o r t ,  i t  is d i f f i c u l t  t o  speak of a p a r t i c l e  temperature. The 
physical  appearance of t h e  manure a f t e r  hydrogas i f ica t ion  w a s  g r e a t l y  d i f f e r e n t  i n  
batch and FDP experiments. P a r t i c l e s  from t h e  ba tch  r e a c t o r  had the  same phys ica l  
appearance as t h e  feed manure except f o r  being blackened whi le  those from the  FDP . 
r e a c t o r  were spheres  with a very porous i n t e r i o r  i n d i c a t i n g  t h a t  they had sof tened upon 
t h e i r  passage through t h e  r e a c t o r .  I n  appearance they seem almost i d e n t i c a l  t o  the 
char formed by the  hydrogas i f ica t ion  of raw coal .2  
t h a t  t h e  high r e a c t i v i t y  of t h e  r a w  c o a l  with hydrogen i n  t h e  d i l u t e  phase is due to  
a g r e a t  ex ten t  to  t h e  poros i ty  of t h e  p a r t i c l e  which exposes t h e  e n t i r e  p a r t i c l e  volume 
t o  hydrogen. 
i n d i c a t e s  a s i m i l a r  mechanism appl ies  when manure r e a c t s  with hydrogen i n  the  d i l u t e  
phase. 
as evidenced by the  s t e a d i l y  increas ing  carbon conversion wi th  increas ing  r e a c t o r  wal l  
temperature shown i n  f i g u r e  3 cont ras ted  wi th  t h e  l e v e l i n g  o f f  of carbon conversion 
with increas ing  temperature i n  t h e  batch experiments shown i n  f i g u r e  2. 
i n  t h e  phys ica l  s t r u c t u r e  of t h e  p a r t i c l e s  a f t e r  r e a c t i o n  i n  t h e  batch autoclave and 
t h e  FDP r e a c t o r  a r e  due t o  two f a c t o r s .  The f i r s t  is t h e  d i f f e r e n c e  i n  heatup r a t e s  
t h a t  t h e  p a r t i c l e s  i n  t h e  two types of r e a c t o r s  experience.  I n  t h e  batch autoclave,  
t h e  p a r t i c l e s  take  approximately an hour t o  reach a t y p i c a l  r e a c t i o n  temperature whi le ,  
i n  the  FDP r e a c t o r ,  t h e  heatup time is on t h e  order  of t e n t h s  of a second. The second 
f a c t o r  is t h e  d i f f e r e n c e  i n  p a r t i c l e  concent ra t ion  between t h e  two types of reac tors .  
In  the  batch r e a c t o r  t h e  p a r t i c l e s  a r e  i n  contac t  wi th  each o t h e r  o r  t h e  r e a c t o r  wal l s  
and the  void f r a c t i o n  is t y p i c a l  of t h a t  f o r  a f i x e d  bed. 
the  par t ic1,es  a r e  f r e e l y  f a l l i n g  and widely separa ted  wi th  a void  f r a c t i o n  approximately 
95 percent .  
i n  a highly expanded porous p a r t i c l e  t h a t  is r e a d i l y  permeated by hydrogen and hence 
extremely r e a c t i v e .  

In  a d d i t i o n ,  i n  t h e  FDP r e a c t o r  t h e  s o l i d s  are fed i n  cold and 

I n  re ference  4 i t  w a s  pointed out  

The almost i d e n t i c a l  appearance of  the  hydrogas i f ied  manure p a r t i c l e s  

Greater hydrogen a c c e s s i b i l i t y  g r e a t l y  increases  t h e  r e a c t i v i t y  of the  manure 

The d i f f e r e n c e s  

However, i n  the  d i l u t e  phase 

Thus, t h e  combination of shock hea t ing  and unconstrained expansion r e s u l t  

Since i n  la rge-sca le  continuous r e a c t o r  sys t ems ,  t h e  p a r t i c l e  heatup r a t e  w i l l  be  
t h e  same order  of magnitude as t h e  heatup r a t e s  i n  t h e  FDP r e a c t o r ,  one can expect  t h e  
s o l i d s  from such systems to  be more r e a c t i v e  than t h e  s o l i d s  formed i n  t h e  batch explora- 
tory t e s t s  reported here .  
t h e r e f o r e  probably conservat ive.  

The use of t h i s  batch d a t a  f o r  prel iminary process design is 

SUMMARY AND CONCLUSIONS 

Batch experiments show t h a t  c a t t l e  manure is r e a d i l y  converted t o  p i p e l i n e  gas by 
hydrogas i f ica t ion  a t  temperatures low enough t o  allow apprec iab le  y i e l d s  of e thane.  It 
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is  poss ib l e  to  produce a SNG with  a hea t ing  va lue  i n  excess of 1,000 Btulscf  by 
simply hydrogaeifying t h e  manure, s h i f t i n g  a r a t h e r  low (on t h e  o rde r  of 1 t o  2 vol  
p c t )  concent ra t ion  of CO t o  C02,  and scrubbing ou t  t h e  C02 without  any need f o r  
methanation. I n  add i t ion ,  i t  wae found t h a t  no t a r s  o r  o i l s  were produced from 
manure hydrogas i f ica t ion  i n  s p i t e  of t h e  r e l a t i v e l y  low temperatures. 
made wi th  c a t t l e  manure i n  a continuous f r e e - f a l l  di lute-phase r eac to r  ind ica ted  t h a t  
t h e  manure i n  such a r e a c t o r  system is  more r eac t ive  than i n  t h e  batch r eac to r  because 
of t h e  much h igher  heatup r a t e s  and t h e  low concent ra t ion  of  p a r t i c l e s  i n  t h e  d i lu t e -  
phase r e a c t o r .  

An experiment 
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Figure I - Schematic diagram o f  autoclave. 
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FLUIDIZED BED COI.1!3USTION OF IIUNICIPAL SOLID WASTE IN THE CPU-400 PILOT PLAflT. 
Gordon L .  !4ade, Fai-Loy Peter  Lam, Combustion Power Company, 1346 Wil lo /  Eoad, 
Menlo Park, Cal i f c r n i a  94025. 

An overa l l  concept f o r  s o l i d  waste management knom as the CPU-400 i s  currcn t ly  
under deve1o;zent a t  Cvibustion Pc:./er Company, ucdw cont rac t  t s  tiif Envi r c  
Protect ion Ayncy. 
tu rb ine  cyc le  t o  convert the heat ing value of r:iuniciml s p l i d  *::?SLP i n t o  e l e c i r i c i t y .  
This paper descr ibes  t h e  g i l o t  p1sr.t and e a r l y  resu l t ;  o f  ex:erir,rnts conduc?::d on 
a l o v  pressure confi$urzt ion of thc f l u i d i z d  b x !  ccr.ju;t,r 2nd s : i y s r t i n ?  c : . i i r : xn t .  
The l a t t e r  inc1ud.s a n  i c e r t i a l  sei;arator uscd t!, rexove c:ihi)ust 92: c a r t i c l x  k ~ d  

Propert ies  
of t h e  shredded, a i r - c l ? s s i f i e d  s o l i d  v a s t e  f u e i  are  prc?zented a i d  co: - :~~us to~-  x r -  
fornance i s  discussed. 
35 hour durat ion t e s t  i s  a l s o  presented along with r e s u i t s  f r o 3  ZI j e t  uf e;:hau;t gas 
sampl ing i ns trunen t s  . 

The CPU-$00 w i l l  u t i l i z e  a f lu id ized  b?d cc:-.tj!Jstor i n  a sas 

. a s o l i d  waste Iiandlicg suSsy:tr-m t o  prepare the runicipal  solid ;.:?;Le. 

The flo:., o f  i n e r t  material t h r o g e i i  the  syslc::; c!A!-iny i! rcccnt 
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PILOT PLANT STUDY OF A VORTEX INCINERATOR FOR MUNICIPAL WASTE, C. H. Schwartz ,  A.  A. 
\ Orning ,  R.D. Snedden, J.J. Demcter, and D .  Biens tock ,  Bureau of Mines, 4800 Forbes  Ave., 

P i t t s b u r g h ,  Pa. 15213. 

The i n c i n e r a t i o n  o f  a "s tandard"  r e f u s e  and a s e l e c t e d  munic ipa l  r e f u s e  from which 
most o f  t h e  g l a s s  and m e t a l  had been s e p a r a t e d  was s t u d i e d  i n  a p i l o t  s c a l e  v o r t e x  i n -  

e r a t o r  h a s  a r e f r a c t o r y  l i n i n g ,  a mechanical  ram f o r  cont inuous  f e e d i n g ,  t a n g e n t i a l - a i r  
f i r i n g ,  and p r o v i s i o n  f o r  i n j e c t i n g  a d d i t i o n a l  a i r , t o  t h e  c e n t e r  of  t h e  v o r t e x .  
a d m i t t e d  t a n g e n t i a l l y  a t  t h e  top  o f  t h e  i n c i n e r a t o r  f o l l o w s  a h e l i c a l  path a l o n g  t h e  w a l l  
t o  t h e  bottom where i t  c o n t a c t s  t h e  bed o f  burn ing  r e f u s e .  Gaseous combustion p r o d u c t s ,  
a t  h i g h  temperature  and cor respondingly  low d e n s i t y ,  s p i r a l  up through t h e  v o r t e x  t o  t h e  
f u r n a c e  o u t l e t  a t  t h e  top.  Incomplete  combustion exper ienced  e a r l i e r  was c o r r e c t e d  by 
a d m i t t i n g  excess  a i r  i n  t h e  c e n t e r  of  t h e  h o t  ascending  g a s e s  where tempera ture  ranged 
from 2 2 0 0 9  immediately above the "fue l"  bed t o  1600°F a t  t h e  top  o f  t h c  chamber. 
i l i a r y  f u e l  (naLural  g a s )  was r e q u i r e d  t o  s t a b i l i z e  combustion when t h e  mois ture  c o n t e n t  
of t h e  munic ipa l  garbage exceeded 50%. P a r t i c u l a t e s  i n  t h e  e f f l u e n t  were 0.07 t o  0.99 
g r / c u  f t  f o r  the "s tandard" r e f u s e  and 0.05 t o  0.15 g r / c u - f t  f o r  t h e  munic ipa l  r e f u s e .  
Combust ibles  i n  t h e  s t a c k  a s h  ranged from 2 . 1  t o  3.5%. 

1 c i n e r a t o r .  Designed f o r  a c a p a c i t y  of  150 t o  300 pounds of  r e f u s e  p e r  h o u r ,  t h e  i n c i n -  

A i r ,  

Aux- 
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